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Received 20 January 2005; accepted 24 June 2005AbstractA complex approach has been developed for estimating mesoscalic nitrogen discharges via drainage systems using
spatial information about land use, drainage areas, nitrogen balances and soil and site characteristics. Determining the
total drainage area involves certain difﬁculties for larger areas, as on the one hand, the available databases are
incomplete, and on the other hand the localisation and digitalisation of large subsurface drainage areas is a very time-
consuming process. Knowledge of the history and causes of drainage systems in landscapes is required. To solve this
problem a method has been developed to calculate the drainage areas for large catchments. In order to obtain a
complete data set of subsurface drainage areas, representative areas were selected to enable the proportion of
subsurface drainage area to be determined for various soil and site characteristics. These proportions were
extrapolated to the entire area and the approach tested in the Mulde River Catchment Area in Germany.
The rate of drained arable land is about 25.2% of the total area, which can be broken down into grassland (19.0%)
and arable land (27.4%). The results differ for sandy soils with up to 8% drained areas and 57.8% for stagnant soils.
This shows that the proportion of drained land is highly dependent on the nature of the soil in the catchment area,
which has profound implications for approaches to nitrogen modelling.
Average nitrogen discharge for the whole catchment area via drainage water was 33 kg ha1 yr1 in the 1980s and
10 kg ha1 yr1 in the 1990s. The nitrogen discharge varies from one soil type to another: in regions with sandy
substrate (11,900 ha) discharge was 34 kg ha1 yr1 in the 1980s (14 kg ha1 yr1 in the 1990s), while in areas with loess
lessive´ soils (89,200 ha) it was about 26 kg ha1 yr1 in the 1980s (9 kg ha1 yr1 in the 1990s). The reduction can be
explained by the complete change in farming strategy since the demise of the former German Democratic Republic
(GDR).
The approach shown is well suited to future model approaches on a regional scale. By creating and integrating new
data sets derived from modern GIS operations the approach reduces the uncertainty of water and nitrogen modelling.
This gives us a better understanding of nitrogen discharges into surface and groundwater and temporal discharge
dynamics. The discharge data are highly valuable to predict environmental protection measurements for streams,
lakes, coastal waters and groundwaters.
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The high nitrogen input into rivers and the North Sea
shows that action must be taken to reduce diffuse
pollution by nitrogen. Action plans based on policy
decisions introduced to reduce N loadings nowadays
result in signiﬁcant changes of loading of streams, lakes
and coastal waters (e.g. Kronvang et al., 2005, for
Denmark; Oenema, van Liere, & Schoumans, 2005 for
the Netherlands).
Drainage systems beneath the groundwater systems
are the main pathways for diffuse nitrogen input into
rivers. Drainage data are valuable to produce better
model results in order to predict nutrient discharges.
They are essential e.g. for models like DRAINMOD-N
(Helwig, Madramootoo, & Dodds, 2002) or for the
DRIPS – Decision Support System for the estimation of
the input quantity of pesticides (Ro¨pke, Bach, & Frede,
2004). The shorten nutrient outﬂow via drainage
systems and the reduced denitriﬁcation capacity in
drained soils contribute to the high proportion of
nitrogen in drainage waters. There is a great need for
information regarding the amount of nitrogen discharge
from drainage systems at landscape level, because most
of the leading tile drainage related models and
measurement schemes refer only to small catchment
areas as it is shown by Sogbedji, van Es, Klausner,
Bouldin, and Cox (2001) for a test site of 15 ha maize,
Gentry, David, Smith, and Kovacic (1998) for a
watershed of 40 ha, or Bucˇiene˙, Sˇvedas, and Antanaitis
(2003) for a drained system of 7.4 ha. Only some studies
refer to larger catchments and a longer time period, for
instance Behrendt et al. (2001) estimated the nutrient
and heavy metal emissions into the river system of the
Odra with a macro-scale method for 45 subcatchments
in Germany, Poland, and the Czech Republic. The result
shows that up to 33.1% of the nitrogen input into the
subcatchments resulted from tile drainage during the
period of 1993 to 1997.
The results presented here arose in connection with
the project ‘Water and nutrient ﬂuxes in the loess region
of the Elbe catchment as basis for the implementation of
sustainable land use’ promoted by the Federal Ministry
for Education and Research. Modelling was carried out
over all diffuse and point pathways of the nitrogen
household in the Mulde catchment area (Hirt, 2003;
Becker & Lahmer, 2004; Hirt, 2004).
This paper outlines an approach to determine
nitrogen discharge for large catchment areas. Three
main aspects are discussed. Firstly, we will explain the
causes and problems of drainage and different drainage
techniques in landscape, the second part provides a brief
method for calculating the usually unknown propor-
tions of drained areas in arable lands by improving a
method suggested by Behrendt et al. (1999), and, thirdly,
we will calculate the nitrogen discharge via drainagesystems as a missing link from nitrogen modelling. This
approach will be adopted for the Middle Mulde River
catchment (area: 2700 km2) in Saxony/Germany.Impact of drainage on the landscape water
household
Drainage improves the efﬁciency of land use for
agricultural purposes but at the same time it constitutes
substantial interference in the water household of the
landscape and the nutrient cycle (Scheffer, 1993).
Drainage can be carried out by means of drainage
pipes or open ditches. Ditches are often used to drain
grassland, as this method is economic in terms of both
effort and cost. As ditches severely restrict cultivation of
the ﬁeld by machinery, ploughed ﬁelds are mostly
drained by subsurface drainage systems (Do¨rter, 1989;
Pollack, 1991).
Drainage systems mainly consist of clay or plastic
pipes or channels can be pressed into the soil body
without solid walls, which is referred to as pipe-less
drainage or mole drainage. The life-time of mole drains,
the advantage of which is the low cost, can be more than
10 years under favourable conditions (Do¨rter, 1989;
SRU, 1985). Pipe drainage is used to drain soils
waterlogged with groundwater. Stagnant soils are
drained using pipes if the groundwater horizon is more
than 0.5m below the surface of the land (Do¨rter, 1989;
Scheffer, 1993).
Drainage operations change the proportions of
individual discharge pathways in the water household.
The surface run-off is reduced because of the higher
inﬁltration capacity. The drainage run-off leads to a
reduction in the groundwater recharge. This tends to
reduce the collection of drinking water but it also
reduces the entry of soil water arising from agricultural
use with any high nitrate content into the groundwater.
Although the drinking water is protected from nitrate
inputs, the nitrate still gets into brooks and rivers via
drainage pipes and ditches.
The extent to which the groundwater recharge is
reduced depends on the amount of drainage. The
volume of seepage water that enters the groundwater
cannot be precisely determined, as it varies depending
on the distance from the drainage pipes and the type of
soil (Ernstberger & Sokollek, 1984; Lammel, 1990).
Bengtson, Carter, Morris, and Bartkiewicz (1988) came
to the conclusion, when carrying out investigations in a
drained river catchment area, that the surface run-off
was reduced 34% by drainage, but that the total run-off
increased by 35% because of the increase in drainage
run-off (Bengtson et al., 1988).
Evaporation on the surface of the soil is reduced
because of the reduction in groundwater content. On the
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increased as the vegetation experience better growing
conditions as a result of deeper rooting (Wohlrab,
Ernstberger, Meuser, & Sokollek, 1992).Subsurface drainages in the area under
investigation, the ‘Middle Mulde’
Table 1 shows growth in drainage areas from 1960
to 1989 in the former German Democratic
Republic (GDR). Out of the area in Saxony used
for agricultural purposes (1,293,000 ha), approxi-
mately 235,000 ha (18.2%) were drained by ditches
and subsurface drainages in 1989 of which 203,000 ha
(15.7%) were subsurface drainages (Pollack, 1991).
The proportion in the area under investigation
should be however higher as in contrast to the
southern parts of Saxony (e.g. Erzgebirge) since this
area has high fertile soils which are relatively easy
to drain.Table 1. Drainage areas in 1000 ha by Eastern German federal sta
German federal states 1960 1976
Mecklenburg-Vorpom. 154 291
Brandenburg 8 48
Saxony 18 110
Saxony-Anhalt 27 90
Thuringia 3 73
Berlin 1 2
Total 211 614
Table 2. Existing and planned melioration systems in the Germ
melioration plan 1986–1990: as of 31.12.1984; Anonymous, 1984)
Region of Leipzig
Districts
Land use area
(km2)
Drainage (km2) D
ar
Altenburg 203 33.96 16
Borna 194 40.71 21
Delizsch 309 62.95 20
Do¨beln 321 17.69 5
Eilenburg 321 82.82 25
Geithain 199 131.35 66
Grimma 307 79.9 26
Leipzig 260 78.74 30
Oschatz 289 80.2 27
Schmo¨lln 173 35.46 20
Torgau 336 78.01 23
Wurzen 227 49.08 21
Total 3142 772.82 24Drainage in GDR times was carried out by systematic
drainage. An amelioration strategy for the East-Thur-
ingian/Saxon loess area combined different measures:tes
an
rai
ea
.7
.0
.4
.5
.8
.0
.0
.3
.8
.5
.2
.6
.6pipe drainage in troughs and valley locations, which
are characterised by an inﬂow of groundwater, in the areas dominated by loess pseudogleys (Stagnic
Luvisols) deep loosening of the compacted subsoils
combined with liming for soil-amelioration and
removal of the surplus water by pipe drainage, on loess parabraunerde (Luvisols), fahlerde (Podzol-
luvisols) or less waterlogged loess pseudogleys with-
out pipe drainage (Stracke et al., 1980).
In the general amelioration plan for 1986–1990 (Table
2) the area of existing and planned drainage areas in
1990 came to 773 km2 in the former region of Leipzig
with the proportion of drained areas reaching 24.6%.
Although the region of Leipzig does not lie completely
within the area under investigation the information
permits comparison with it as both areas have similar
local site characteristics. The information on drainage(Pollack, 1991)
1979 1983 1986 1989
291 422 449 482
48 90 85 91
111 180 191 203
90 136 142 152
73 118 127 133
2 2 1 1
615 948 995 1.062
Democratic Republic (GDR) region of Leipzig (General
nage/land use
(%)
Ditches (km) Ditches/land use
area (km/km2)
190 0.936
84 0.433
— —
168 0.523
195 0.607
107 0.538
157 0.511
189 0.727
315 1.090
62 0.358
207 0.616
263 1.159
1937 0.616
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this has major pseudogleys in the southern part.
The proportion of ditch drainage in Saxony by
comparison with the other states of eastern GermanyTable 3. Typical characteristics of the natural regions in the Midd
Natural region Size of arable
land (km2)
Predominant soil
types
Du¨ben Heath NR 1 119 Brown earth
(Cambic Podzols)
North Saxon Lowland and
Hills NR 2
383 Parabraunerde,
pseudogley
(Luvisols, Stagnic
Luvisols)
Central Saxon Loess Hills
NR 3
233 Parabraunerde
(Luvisols)
Mulde – Loess Hills NR 4 892 Pseudogley, islands
of parabraunerde
(Stagnic Luvisols)
Erzgebirge Basin and
Eastern Erzgebirge NR 5
233 Brown earth
(Cambisols)
Fig. 1. Location of natural regions within the Middle Mulde
catchment area (Hirt, 2003).is small at 16.2mha1 of land use area because of the
lower proportions of grassland. The total length of inner
ditches in Saxony in 1986 was 5.137 km, i.e. there is an
average of 4.8m ditches per hectare (Pollack, 1991).
Most drainage projects were carried out in the
seventies to increase agricultural production and still
functioning drainage pipes have existed since the 19th
century. After the reuniﬁcation of Germany virtually no
more drainage pipes have been laid in the area under
investigation, as further intensiﬁcation of agriculture is
not currently a policy objective (Ko¨nker, 1993; Pollack,
1991).The Middle Mulde catchment area
The catchment area of the middle River Mulde
(2700 km2) is situated in the western part of the German
state of Saxony known as ‘Lo¨ssgeﬁlde’. This is located in
the area between the Pleistocene lowlands made up of
glacial and glacioﬂuvial sediments to the north, and the
northern edge of the Erzgebirge basin to the south. The
area contains a diverse geological substratum but has a
uniform character mainly due to the recent aeolian
sediment cover, the loesses and sandy loesses from the
Weichselian glacial period.
The area under investigation can be divided into
natural areas with sand loess, loess parabraunerde and
loess pseudogley (Fig. 1, Table 3), and into parts of the
neighbouring pleistocene lowland with glacial sands in
the north and the Erzgebirge basin and the eastern
Erzgebirge with mountain soils in the south
(cf. Mannsfeld & Richter, 1995). The average annual
precipitation (uncorrected) in the catchment area varies
between 577 and 770mm. Land use is predominantly
agricultural. Relief in the north is characterised by slopele Mulde catchment area (Hirt, 2003)
Substrate Precipitation
(mm)
Geology of the
subsoil
Sand 577 Quaternary
sediments
Sand loess 604 Quaternary
sediments,
Porphyry
Loess 662 Porphyry,
metamorphic slate
Loess derivates 711 Granulite
Scree cover, some
loess islands
770 Rothliegende (New
Red), metamorphic
rock
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over 51 can be found where the rivers cut into the
bedrock.Fig. 2. Location of the drainage areas in the Mulde catchment
area as shown in the original data.Calculating the proportions of drained areas and
data
As soils have been drained depending on the proper-
ties of the respective sites the relationship between the
proportions of subsurface drainage area on the site
properties have been analyzed by using data from the
meso-scale soil map. The results have been extrapolated
for the entire area by applying a proportion of subsur-
face drainage area to areas where no information on
drainage areas was available (Behrendt et al., 1999; Hirt,
Meyer, & Hammann, 2003). The procedure to estimate
the proportions of drainage areas are described in detail
by Hirt, Meyer, and Hammann (2005).
The most important data source for determining the
proportions of drainage areas is the medium-scale
agricultural site mapping, known as MMK (Mittel-
maßsta¨bige Landwirtschaftliche Standortkartierung).
For each area the MMK includes information on the
regional site type, known as STR, (Standortregionaltyp),
which is determined by a characteristic mosaic
of substrate, groundwater and inclination conditions
(Lieberoth, 1982). Important features – relevant for the
proportion of drainage areas – are the parameters
‘substrate’, ‘characteristics of the groundwater and
substrate features’ and the ‘hydromorphic area type’.
To digitalise drainage areas, representative sub-
sectors were chosen in every natural region. The latter
are naturally determined by uniform structure and
functional pattern of its natural components (Bastian
& Steinhardt, 2002). Most of the documents were on a
scale of 1:10,000 or 1:25,000 and as a basis for
digitalisation the digital topographic map on a scale of
1:50,000 were used. The drainage areas were digitalised
with the help of the ArcInfos module Arc-Edit.
Drainage areas not subject to any agricultural use
according to the land use map have been cut out and
eliminated. This permitted the creation of a uniform
database as it is shown in Fig. 2.
Details of the location of subsurface drainage areas in
the region under investigation stem primarily from the
bodies responsible for the amelioration of soils and
collective farms in the GDR and were drawn up in the
period 1960 to 1989. The information about the drained
areas are not complete, however, since many documents
were lost in the course of restructuring after the
reuniﬁcation. Following a data research operation data
were collected from various institutions and ofﬁces on
the position of drainage areas for the main portion of
the Middle Mulde catchment area.The ‘biotope and land use type mapping’ of Saxony is
used to differentiate between agricultural land and
grassland. It is based on a ‘list of biotopes and land
use types’’ and the interpretation of coloured infrared
aerial photographs from 1992 on a scale of 1:10,000.
The information necessary on the location of grassland
in the areas under investigation can be selected from the
relevant mapping unit.Proportions of drainage area of the regional site
types (STR’s)
The proportion of drainage area describes the
percentage of drained areas within the entire area used
for agriculture (arable land and pasture). First of all,
sub-areas are determined, whose drainage areas are fully
included and which are representative of the respective
natural regions in the Middle Mulde catchment area.
Eighteen representative areas were shown in the area
under investigation (Hirt et al., 2005).
It is assumed that the proportion of drainage areas is
substantially inﬂuenced by the local climatic, pedological
and geomorphological conditions and the agricultural
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Huber, 1998). That is why the dependence proportion of
drainage areas on local site characteristics is assessed
initially. Climatic conditions can be regarded as homo-
geneous for the natural regions, while the agricultural
structure based on the planned economy from GDR
times is assumed to be uniform for the entire area. All
other site characteristics are described in STR in the
medium-scale agricultural mapping. By intersecting the
records, the drainage proportion for the respective STR
can be determined in the representative areas. Then the
results were extrapolated for the entire area by transfer-
ring the proportions of drainage area to areas where no
information on drainage areas was available (Behrendt et
al., 1999; Hirt et al., 2003) (Fig. 3).
Table 4 shows the proportions of subsurface drainage
areas in natural regions differentiated according to
arable land and grassland.Digital data set of the proportion of 
subsurface drainage areas
3
Calculation of the proportion of 
drained area on basis of the
regional site type 
(“Standortregionaltyp”)
Intersection
of both datasets
Extrapolation of the proportion
of drained area to the 
entire area
ID RST dra
1 Lö3a3- 09
2 Lö3a3- 09
3 Lö4b3- 05
4 Lö4b3- 05
5 Lö4c2- 05
6 Lö5b2- 05
7 Lö5b3- 09
8 Lö5b3- 09
RST %
Lö3a3-09
Lö4b3-05
Lö4c2-05 1
Lö5b2-05 3
Lö5b3-09 2
ID drainedarea
1
2
3
4
5
1
2
3
4
5
ID RST
1 Lö3a3-09
2 Lö3a3-09
3 Lö4b3-05
4 Lö4b3-05
5 Lö4c2-05
6 Lö5b2-05
7 Lö5b3-09
8 Lö5b3-09
Fig. 3. Calculation of the proportion of drained areAs a map for the area of the Middle Mulde
catchment, the highly differentiated proportion of
drained agricultural land can be used as input data for
nitrogen discharge models (Fig. 4).Calculating nitrogen discharge via subsurface
drainage
In order to calculate the nitrogen input via subsurface
drainage, the proportion of subsurface drainage areas in
the study area, the subsurface drainage discharge and
the nitrogen concentration of the drainage water must
be known (Behrendt et al., 1999).
When calculating subsurface drainage outﬂow two
parameters are necessary: the seepage water rate and the
proportion of seepage water carried off via subsurfaceMeso-scale soil mapping
(Mittelmaßstäbige Landwirtschaftliche
Standortkartierung, MMK)
3
3
10 %
20 %
30 %
Presentation
ined area
0
3
3
0
3
0
2
0
5.9
35
6.2
1.3
1.8
ID RST
1 Lö3a3-09
2 Lö4b3-05
3 Lö4c2-05
4 Lö5b2-05
5 Lö5b3-09
%
5.9
5.9
35
35
16.2
16.2
21.8
21.8
a based on the regional site type (Hirt, 2003).
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Table 4. Proportions of subsurface drainage area in natural regions differentiated according to arable land and grassland (Hirt et
al., 2003)
Natural region Subsurface drainage on
agricultural land (%)
Subsurface drainage on
grassland (%)
Subsurface drainage on
arable land (%)
Du¨ben Heath 17.7 11.2 19.4
North Saxon Lowland and Hills 26.0 22.8 26.5
Central Saxon Loess Hills 16.2 17.4 16.0
Mulde – Loess Hills 30.0 20.5 34.4
Erzgebirge Basin and Eastern
Erzgebirge
22.6 18.5 26.6
Total 25.2 19.0 27.4
Fig. 4. Proportion of subsurface drainage area (data source:
Saxony Department for Environment and Geology: soil map;
successor institution of the former authority for land
improvement: location of drainage areas).
U. Hirt et al. / Limnologica 35 (2005) 206–219212drainage. Because the latter parameter could only be
estimated for large areas, it has been assumed for the
purposes of this study that 70% (e.g. Jens Abraham oral
comment) of the seepage water feeds into subsurface
drainage (Hirt, 2004).To determine the seepage water rate, the ‘ABIMO’
model of Glugla and Tiemer (1971) was applied. This
evaporation model from the German Federal Hydro-
graphy Agency facilitates large-scale calculations of the
mean annual total runoff. It was the standard method
used to forecast groundwater formation for whole
catchments in areas of unconsolidated rock in East
Germany (Herzog, Kunze, Weiland, & Volk, 2001). In
these areas the seepage water rate is similar to the total
runoff. The model was calibrated based on data from
lysimeter stations and veriﬁed with measurements in
different catchment areas (DVWK, 1996). The seepage
water rate was calculated as the difference between the
annual mean of precipitation and actual evapotranspira-
tion. Actual evapotranspiration (Eta) was calculated
with the help of a model-based method, the BAGROV-
relation, which establishes a relation between the site
inﬂuences based on empirically derived relations, and
climatic inﬂuences (see Fig. 5, also Turc, 1961).
The nitrogen concentration of the drainage water can
be determined via the nitrogen balance, denitriﬁcation
of the soil and the exchange frequency of the soil water
(Behrendt et al., 1999, modiﬁed):
Ndr ¼ NSDRÞ  usef  EF100=SW, (1)
where Ndr is the nitrogen-N concentration in the
subsurface drainage outlets [mgNO3N/l], NS the
nitrogen surplus on land used for agricultural purposes
[kgNO3Nha1 yr1], DR the loss through denitriﬁca-
tion [kgNO3Nha1 yr1], usef the land use factor, EF
the exchange factor, SW the seepage water rate [l/m2 a].
EF ¼ EFR=100 ðp1Þ, (2)
where EFR is the exchange frequency.
EFR ¼ SW=FCrsn100, (3)
where FCrs is the ﬁeld capacity in the rooted soil (0.9m)
[vol%].
On the agricultural land nitrogen surplus was
determined by our project partners at the University
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For the calculation of the nitrogen balance, the needed
operating ﬁgures for farms (Table 5) have been taken
from the ‘Datenspeicher SBW-Analyse’ for the years
1986 to 1989 (Biermann, 1995) which are based on
annual inquiries for agricultural farms of the former
GDR. For the time period between 1997 and 1999, a
database has been established with site and operating
ﬁgures for farms on the community level. It is based on
data of community and district statistics of the Federal
State of Saxony. On the community level, data were
available on crops together with the area of cultivation
and types of domestic animals with their numbers, and,
with respect to the district level data access existed on
crop and livestock yield. The deposition of fertiliser
from livestock farming has been estimated by the
number of domestic animals and the mean N-deposition
in the animal excrements. The loss of ammonia (rotting
and storage loss) of the organic fertiliser has been
considered the same as in the above-mentioned
approach with 30% of N-deposition per livestock unit.The calculation of the mineral fertiliser input is carried
out according to the total N-demand of the most
important crop species, the output yield and the site
characteristics (especially the land quality index).
The removal due to harvesting is calculated with
respect to the data of the LUFA Sachsen-Anhalt
(1999). The nitrogen supply remained unconsidered
due to asymbiotic nitrogen ﬁxation, seeds as well
as straw and green manuring. With regard to
atmospheric deposition, 30 kg ha1 yr1 have been
indicated for each case. According to selective measure-
ments for the total N-deposition on agriculturally used
regions, the fact emerges that these values are most
probably underestimated for about 20–40 ha1 yr1.
However, the database is not sufﬁcient to justify
the transfer of the measured values onto the total
catchment areas.
Field capacity in rooted soil was derived from the soil
mapping. It was calculated for a 9 dm deep soil proﬁle,
as this depth matches the average depth of drainage
pipes in the catchment area. It may be assumed that
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1994).
To determine the level of denitriﬁcation the drained
soils in the catchment area can be categorised according
to Feldwisch and Frede (1998) and Becker (1993) into
substrates with groundwater or stagnant water impact
on the lower boundary of the root zone (class 3).
Accordingly, maximum denitriﬁcation is considered as
30 kgNha1 yr1. To cope with the differences in the
denitriﬁcation rate depending on N availability, the
calculation approach employed by Wendland (1992) has
been used to assess denitriﬁcation from maximum
denitriﬁcation.
The land use factor considers the different N surplus,
the different N uptake by vegetation and the different
denitriﬁcation on arable land and grassland. In accor-
dance with grassland, lower nitrogen concentrations in
the seepage water has been found compared to arable
land. Based on the literature (e.g. Kohlenbrander, 1969;
Werner & Olfs, 1990; Franke & Gerds, 1991) it has
proven possible to infer a quotient of the discharge of
0.2 for grassland by comparison with arable land.
The exchange factor of nitrogen located in the soil
depends on the exchange frequency of the soil water.
The exchange frequency describes the frequency of soil
water exchange by the way of rainwater seepage in the
course of 1 year. The larger the exchange frequency, the
higher the risk that readily leachable nitrogen will be
discharged. With low values, only some of the nitrogen
stored in the soil will be shifted downwards by seepage
water (Feldwisch & Frede, 1998). With exchange
frequency values higher than 1, the exchange factor
has to be corrected to a maximum value of 1. High
values of ﬁeld capacity induce low exchange frequency
values and reverse while a high seepage water rate
induces high values of exchange frequency. The period
that it takes for the seepage water to enter the drainage
pipe and exit into the river can be assumed to be a few
hours. Consequently, it is assumed that there will be no
further N losses from denitriﬁcation.Results
In the 1980s, 1480 tN were discharged annually via
the subsurface drainage systems in the catchment area.
After German reuniﬁcation this amount declined to
454 tN for the years 1997–1999. Regional discharges
decreased in the catchment area from an average of 33
to 10 kgNha1 yr1 (Fig. 6).
The decrease is mainly related to the reduction of the
N balance due to the German reuniﬁcation. Regarding
the natural regions differences are obviously. So the
discharges (per hectare) in the Erzgebirge basin and
Eastern Erzgebirge show a signiﬁcant reduction for thisperiod, while the discharges in the Du¨ben Heath are still
higher than the average for the whole catchment area.
This decrease in discharge from the loess soils to the
sandy soils can be seen in Fig. 7. Please note that, for
illustrative purposes, average nitrogen discharge from
all agricultural land via subsurface drainage is shown,
e.g. areas that are not drained are also recorded here
according to the proportion of subsurface drainage area.
Consequently, the average subsurface drainage dis-
charge of particular soils (‘regional site types’) is
represented, which is correspondingly higher on the
individual drained area (see Fig. 8).
Regarding the main soil substrates the annual
discharges (in tonnes) vary signiﬁcantly (Fig. 9). The
highest annual discharge in the catchment area is given
by loess substrates with 521 tN per year in the 1980s and
160 t per year in the 1990s, but this result relates to the
high proportion of loess substrates. The highest area
related discharges have been observed for the sandy and
sandy loess substrates with 39.7 kgNha1 yr1 in the
1980s and 14 kgNha1 yr in the 1990s (Fig. 8).
Strongest discharge reductions could be observed for
alluvial substrates with 23.6 kgNha1 yr1 in the 1980s
to 5.8 kgNha1 yr in the 1990s and for the mountain
substrates with an reduction of 40.9 kgNha1 yr1 in
the 1980s to 9.8 kgNha1 yr in the 1990s.
Regarding the natural regions, in the loess pseudogley
area, which has the highest proportions of subsurface
drainage area, the highest discharges via subsurface
drainage areas also occur (Figs. 6 and 7). In the
Erzgebirge basin, and in parts of the sandy loess area,
the proportions of subsurface drainage area are relatively
high, which in the latter case leads to very high local
discharges. This results from the sharp differentiation in
soil type. In the loess lessive´ areas the discharges are
substantially lower because of the low proportions of
subsurface drainage area and the high ﬁeld capacity of
these soils. The glacial sands area still recorded high
discharges in the 1980s because of the low ﬁeld capacity
of the sandy soils and the high nitrogen balances.
The differences in the results of the natural regions are
predominantly determined by the factors of nitrogen
surplus and quantities of seepage water. The high
discharges of the glacial sands area and Erzgebirge basin
for 1982–1989 can be attributed to a range of causes. The
glacial sands area has comparatively high nitrogen
surpluses for the 1980s of 115 kgNha1 yr1 (catchment
average: 94kgNha1 yr1; 49kgNha1 yr1 for the
1990s), whereas the low ﬁeld capacity is responsible for
the larger discharge losses. At 76%, the average exchange
frequency in the central Mulde catchment is lower than in
the Erzgebirge basin (99%). However, as far as the latter
is concerned, the high quantities of precipitation and the
consequently higher quantities of seepage water promote
discharge. As expected, the loess soils have the lowest
areal discharges. Here, the high ﬁeld capacity, 310mm on
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Fig. 7. Annual areal nitrogen discharge via subsurface drainages in 1980s (left) and 1990s (right) (soil data: Saxony Department for
Environment and Geology; University of Halle, Department of Agriculture: surplus of nitrogen balance) (Hirt et al., 2003).
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Fig. 6. Discharges via subsurface drainage areas in natural regions (Hirt et al., 2003).
U. Hirt et al. / Limnologica 35 (2005) 206–219 215average in the loess lessive´ area, as well as the relatively
low nitrogen surplus have a positive effect.Discussion
Drainage systems have a high impact on land-
scape water and nitrogen balances. The rapid dischargesof nitrogen compounds from agricultural fertilisers
via drainage systems have a serious impact on
lakes, rivers, canals and oceans. The calculated 454 t
of N discharge per year from the Mulde catchment
area for the period 1997–1999 via drainage
systems alone is very relevant to approaches
to reduction measures. The discharge amounts to
12.7% of all point and diffuse N discharge from the
catchment area.
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Fig. 9. Annual N discharges (t yr1) via drainage systems for the main substrates in the 1980s and 1990s.
Fig. 8. Annual N discharges (kg ha1 yr1) via drainage systems for the main substrates in the 1980s and 1990s.
U. Hirt et al. / Limnologica 35 (2005) 206–219216One of the main problems in calculating N-losses via
subsurface drainage systems is the lack of information
on the proportion of subsurface drainage systems. The
method presented enables an assessment to be made of
the proportion of drained areas, and the degree to which
they are representative depends on the size of the
various regional site types. The size of the regional site
types varies considerably. Assuming that a minimum
area of 1 km2 is statistically necessary for each regional
site type of the areas represented for the projection to
areas for which the proportion of drainage area is
unknown. This assumption obtains for 87.5% of theregional site types (n ¼ 76) in the Middle Mulde
catchment. The remaining 12.5% (n ¼ 11) relates to
small parts of the study area (0.14%) and can be ignored
as far as the overall results are concerned.
It is possible to check whether all of the recorded
drainage areas are correct by comparing them with the
proportion of drainage area in the general amelioration
plan of 1986–1990 for the former region of Leipzig
(Table 2). The planned stock of drainage areas for 1990
in the former region of Leipzig, which is mainly located
in the Middle Mulde catchment area, amounts to
24.6%. This differs only slightly from the drainage area
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Table 5. Comparison of annual N discharges via drainage systems for natural regions in the Mulde river catchment in the 1980s
and 1990s calculated by Hirt (2003) and Behrendt et al. (2000)
Natural region Hirt (2003) Behrendt et al. (2000)
1982–1989 1997–1999 1983–1987 1998–2000
kgNha1 yr1 kgNha1 yr1 kgNha1 yr1 kgNha1 yr1
Du¨ben Heath 43.0 12.5 63.9 30.6
North Saxon Lowland and Hills 34.0 13.6 63.9 30.6
Central Saxon Loess Hills 25.6 8.7 77.2 37.3
Mulde—Loess Hills 32.6 9.5 77.5 38.5
Erzgebirge Basin and Eastern Erzgebirge 42.4 7.9 77.5 38.5
Total 33.2 10.2 72.0 35.1
U. Hirt et al. / Limnologica 35 (2005) 206–219 217of 25.2% calculated in this paper. The calculated
proportion of drainage area in the former district of
Wurzen (20.2%), for which complete drainage informa-
tion is available, only differs slightly from the ﬁgure in
the general amelioration plan (21.6%). This means that
altogether the results do indeed coincide.
Nine percent of drainage systems in Saxony were built
before 1950 (Pollack, 1991). Although their effectiveness
has not yet been studied, it seems reasonable to assume
that the proportions of drainage area are in fact
somewhat greater than those calculated. On the other
hand, a reduction in maintenance suggest a lower level
of efﬁciency in the 1990s. According to information
provided by farms, the effectiveness of the subsurface
drainage systems in the study area is only slightly
reduced. Both factors were neglected in the study
because of the insufﬁcient data sources and their low
relevance for the results.
Validation of the results of the discharge calculation
can be carried out either by comparing other calculation
methods or via measurements of the nitrogen concen-
tration of the subsurface drainage water. A comparison
with the discharges cited in other publications can be
found in the results of Behrendt et al. (1999) for
subcatchments in Germany.
While the natural regions 1–2 are situated within one
subcatchment of Behrendt et al. (2000), the area related
means the results of several subcatchments were
calculated for the natural regions 3–5 (Table 5). The
calculated discharges (kg/ha a) of Behrendt et al. (2000)
show more than doubled values of the 1980s, for the
1990s the values even tripled. By comparing the total
discharges, it must be considered that the catchment
area of the Middle Mulde equals approximately 40% of
the total catchment area investigated by Behrendt et al.
(2000). Their results are distinctively higher with 6170 t
for the time period of 1983–1987 (3920 t for 1993–1997)
compared to 1480 t (1996–1989) and 454 t (1997–1999),
although the non-investigated part of this study
comprises the Erzgebirge in which lower proportions
subsurface drainage areas can be found. Differences
within the calculation, on the one hand, are based on thecalculation of the subsurface drainage areas which were
detected in detail by means of digitalization in the
catchment area of the Middle Mulde while in the study
of Behrendt et al. (2000) they were calculated from
databases of other catchment areas, mainly from the
northern parts of Germany. So they calculated a
signiﬁcantly higher amount of drained areas. On the
other hand, Behrendt et al. (2000) assumes that 100% of
the seepage water is regarded as drainage outﬂow
whereas in this study, a seepage water share of 70% is
presumed. The higher differences at the discharges of the
1990s are referred to higher N balance calculations as
well as to distinctively higher precipitation values in the
mid-1980s. It can be assumed that the results of Hirt
(2003) are more realistic, because they are based on a
more detailed database and on more differentiated
methods.
Results for the period 1982–1989 can also be
compared with the results of the studies carried out by
Franke and Gerds (1991) on subsurface drainage
measurement ﬁelds. For soils corresponding to the
glacial sands area, they recorded mean values of
53.6 kgNha1 yr1, and the results from this study are
also 43 kgNha1 yr1. For sandy loess soils they
recorded 28 kgNha1 yr1, and this study recorded
34 kgNha1 yr1. However, the loess lessive´ area with
a calculated 26 kgNha1 yr1 is higher than the values
of 19 kgNha1 yr1 recorded by Franke and Gerds
(1991). There are no subsurface drainage measurements
available for the catchment area for the 1990s. But the
decrease in the values of the 1990s are comparable to
overall reductions observed in other regions and
catchments in Europe. Laznik, St(alnacke, Grimvall,
and Wittgren (1999) describe a reduction of the riverine
loads of nitrogen for 80% of the total loads into the
Gulf of Riga for the time period of 1977 to 1995.
Related to this study, St(alnacke, Grimvall, Libiseller,
Laznik, and Kokorite (2003) described that in Latvia the
purchase of mineral fertilisers decreased by a factor of
15 between 1987 and 1996. Also, a dramatic reduction
on the concentrations of nutrients in Latvian rivers has
been observed.
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U. Hirt et al. / Limnologica 35 (2005) 206–219218As results the evaluation of subsurface drainage area
proportions based on original data and the medium-
scale agricultural mapping (MMK) for the Mulde
catchment area can be seen as representative for loess
soils or loess inﬂuenced soils in Germany. Apart from
this, the evaluation method is transferable to other areas
if there is representative data available for drainage
areas and a medium-scale differentiated soil map to
regionalise the results.
Drainage areas represent important data input that
should not be missed from future water and nutrient
household models. This means that the model results
can be considerably improved and nutrient balance and
nutrient ﬂuxes can be better related to discharges
measurements. As the total discharge has been reduced
signiﬁcantly in the last decade, the pathway via drainage
systems can be observed as of high importance to the
protection of the river systems because their fast
reaction on precipitation and fertilisation of arable
lands.Acknowledgements
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